Monitoring the activity of ATP-consuming enzymes provides the basis for elucidating their modes of action and regulation. Although a number of ATP analogues have been developed for this, their scope is restricted because of the limited acceptance by respective enzymes. In order to clarify which kind of phosphate-modified ATP analogues are accepted by the a-bphosphoanhydride-cleaving ubiquitin-activating enzyme 1 (UBA1) and the b-g-phosphoanhydride-cleaving focal adhesion kinase (FAK), we tested phosphoramidate-and phosphoestermodified ATP analogues. UBA1 and FAK were able to convert phosphoramidate-modified ATP analogues, even with a bulky modification like biotin. In contrast, a phosphoester-modified analogue was poorly accepted. These results demonstrate that minor variations in the design of ATP analogues for monitoring ATP utilization have a significant impact on enzymatic acceptance.
Introduction
Adenosine triphosphate (ATP) is the most common cosubstrate in otherwise endergonic enzymatic reactions chemical reactions and is therefore involved in many intracellular processes. [1] Thus, numerous ATP-cleaving enzymes of distinct classes exist. Important examples of ATP-consuming enzymes are ion pumps (e.g., Ca 2 + -ATPases and the Na + /K + -ATPases), [2] motor proteins (e.g., kinesins, [3] dyneins, [4] myosins [5] ), acyl-transferring enzymes (e.g., acyl-CoA synthetases, [6] aminoacyl-tRNA-synthetases, [7] and ubiquitin-activating enzymes [8] ), RNA polymerases, [9] and kinases. [10] Therefore, studying the turnover of ATP allows investigating a variety of cellular processes. Classical strategies make use of radioactively labeled ATP [11] or measure the released phosphate or pyrophosphate (PP) by colorimetric detection. [12] Another common method is the chemical modification of ATP at the g-phosphate. The majority of such analogues are phosphoramidate-modified ATP analogues, [13] although they are prone to hydrolysis under acidic conditions. [14] ATP analogues modified with a phosphothioester, [15] phosphoester [14, 16] or phosphonate [14] have also been reported. In this study, two ATP-cleaving enzymes from different enzyme classes, ubiquitin-activating enzyme 1 (UBA1) and focal adhesion kinase (FAK), were compared for their propensity of processing g-phosphoester-(1) and g-phosphoramidate-(2 and 3) modified ATP analogues (Scheme 1).
UBA1 is the initial enzyme in the ubiquitin-conjugation system, which modifies numerous target proteins by covalent attachment of ubiquitin (Ub). [8] By cleaving the a-b-phosphoanhydride bond of ATP, UBA1 activates Ub through initial formation of Ub-adenylate, followed by the covalent attachment of Ub to UBA1 via a thioester bond. [8, 17] As ubiquitylation is involved in the regulation of numerous fundamental cellular processes, [8, 18] it is not surprising that deregulation of components of the ubiquitin-conjugation system contributes to the development of various human diseases including cancer and neurodegenerative disorders.
[19] Consequently, UBA1 has been considered a target in the treatment of various types of cancer. [20] Therefore, a detailed understanding of the enzymatic activity of UBA1 and the downstream processes it is involved in is indispensable.
FAK, a protein tyrosine kinase (PTK), was chosen as an example of an enzyme that cleaves the b-g-phosphoanhydride bond of ATP. [21] It is an important intracellular signaling protein that regulates cell adhesion, shape, and motility by integrating signals from integrins and growth-factor receptors. [22] Similarly to other PTKs, FAK transfers the g-phosphate of ATP to the tyrosine residues of its substrates. FAK signaling can be triggered by cues from the extra-cellular matrix and is associated with the formation and turnover of cell adhesion structures, termed focal adhesions. [21a, 22] FAK protein expression is elevated in many highly malignant human cancers. [23] It promotes changes in cell shape [24] and formation of podosomes or invadopodia, [25] which are involved in an invasive cell phenotype.
[26] Thus, understanding and monitoring FAK activity and signal transduction are highly desired.
In order to study the ability of g-phosphoester-and g-phosphoramidate-modified ATP analogues to support ATP-consuming reactions, we monitored the activity of UBA1 and FAK in vitro. Both enzymes showed a preference for phosphoramidate-modified ATP analogues over the phosphoester-modified counterpart, thus highlighting the significant effect of minor variations in ATP analogues for monitoring ATP utilization.
Results and Discussion
In order to investigate the influence of modifications at the gphosphate of ATP on enzymatic usage, we used a phosphoester-modified ATP analogue (1) and two phosphoramidate-modified ATP analogues (2 and 3; Scheme 1). The syntheses of 1 and 2 were as previously described. [14] We synthesized 3 by treatment of disodium ATP with N-(6-aminohexyl)-d-biotinamide in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) in water [13g] (for details, see the Supporting Information). The stabilities of all three ATP analogues under our assay conditions were confirmed by RP-HPLC ( Figure S2 in the Supporting Information).
Turnover of the three g-phosphate-modified ATP analogues by UBA1 was determined by performing an autoubiquitylation assay with E6AP (E6-associated protein). [27] In this in vitro assay UBA1 activates Ub by forming a thioester bond between the C-terminal carboxyl group of Ub and the catalytic cysteine residue of UBA1 at the expense of ATP. Next, Ub is transferred to a cysteine residue of a ubiquitin-conjugating enzyme E2 (i.e., UbcH5b) and finally, it is covalently attached to a target protein by a ubiquitin-protein ligase E3 (Figure 1 A) . [8, 17] E6AP acts as both the E3 and the target protein, thereby resulting in modification of E6AP with several Ub moieties. This autoubiquitylation was monitored by SDS-PAGE and Coomassie staining (Figures 1 B and S1 ). Thus, UBA1 activity (ATP consumption) leads to decreased levels of non-modified E6AP and free Ub and the formation of ubiquitylated E6AP (E6AP-Ub n ) with high molecular mass.
We observed that, similarly to the reaction with non-modified ATP, addition of phosphoramidate-modified ATP analogues resulted in the formation of ubiquitylated E6AP accompanied by equivalent decreases in the levels of free ubiquitin and non-modified E6AP. The level of highly ubiquitylated E6AP in the presence of 2 was comparable to that for ATP (Figure 1 B, C and Figure S1 ). With 3, E6AP was somewhat less efficiently ubiquitylated, and no E6AP autoubiquitylation was observed with 1. The data clearly indicate that 2 and 3 are utilized by UBA1 for Ub activation, that is, UBA1 processes g-phosphatemodified ATP analogues that bear a phosphoramidate-linkage (2 and 3) but not the analogue with a phosphoester linkage (1) . Interestingly, we recently demonstrated that d-phosphoester-modified adenosine tetraphosphates are consumed by UBA1. [16] Next, we studied FAK activity with the ATP analogues by using an in vitro kinase assay (Figure 2) . FAK cleaves the b-gphosphoanhydride bond of ATP and transfers the g-phosphate to a substrate tyrosine residue, for example, by autophosphorylation of tyrosine 397. For our assay design, the human FAK kinase domain (KD; aa 411-689) was fused to the sequence PEYFK (FIVE-tag) to obtain the recombinant enzyme hFAK-KD. Four copies of an FAK fragment containing Y397 (aa 378-406) Figure 1 . g-Phosphate-modified ATP analogues in an E6AP autoubiquitylation assay. A) Scheme of UBA1 in vitro activity assay. Ubiquitin is activated by UBA1 in an ATP-dependent manner and then transferred to E6AP with the help of UbcH5b, thus resulting in poly-autoubiquitylation (Ub n ) of E6AP. B) UBA1 consumption of g-phosphate-modified ATP analogues monitored by E6AP ubiquitylation. ATP or analogue (500 mm) was incubated with UBA1 (75 nm), UbcH5b (800 nm), E6AP (1.25 mm), and ubiquitin (8 mm) for 30 min at 37 8C. The products were analyzed by SDS-PAGE with Coomassie staining. C) Quantification of ubiquitylated E6AP (E6AP-Ub n ), unmodified E6AP, and free ubiquitin (Ub) in the assay. Values were normalized to the amount of free ubiquitin without ATP (mean AE SEM of two independent experiments). *: UBA1; **: UbcH5b.
were fused to a GST-tag to serve as the substrate. ATP (or analogue) was incubated with hFAK-KD and substrate at 37 8C for 60 min. The reaction products were analyzed by western blotting with antibodies against FIVE-tag, GST-tag, and phosphorylated tyrosine, as well as by streptavidin-Alexa647 fluorescence for the biotin on 3 (Figure 2 ). This detection method contrasts with that of our previously published assay, [28] as it now allows detection of the FIVE-tagged hFAK-KD and the GST-tagged FAK substrate in parallel. Phosphorylated substrate was detected for ATP, 2, and 3 (see also Figure S3 ). Time course experiments showed conversion of ATP, 2, and 3 after just 5 min ( Figure S3 C-E) . Interestingly, the bulky biotin modification did not interfere with the reactivity of the antiphosphotyrosine antibody. The phosphotyrosine signals were less pronounced for the phosphoramidate-modified ATP analogues (2 and 3) than for ATP, and no signal was observed for 1 (quantification in Figure S3 A) .
Both UBA1 and FAK accepted the phosphoramidate-modified ATP analogues, but not the phosphoester-modified analogue. Acceptance of phosphoramidate-modified ATP analogues by a protein kinase is in accordance with the literature.
[13i] Serine-threonine kinases have been shown to accept phosphoester-modified ATP analogues; [13f, 29] however, in these studies comparisons with phosphoramidate-modified counterparts were not performed. It is possible that (similarly to FAK here) these kinases might also show a strong preference for phosphoramidate-modified ATP analogues.
Phosphoester-modified dNTP and ATP have been reported to be utilized by DNA polymerases and UBA1, respectively, these were mainly tetra-and hexaphosphates (DNA polymerases) [13d, 30] and tetraphosphates (UBA1), [16] not modified triphosphates as studied here. A possible explanation for the preference in utilizing phosphoramidate-modified ATP analogues is that the NH-moiety has a hydrogen-donating functionality that is absent in the ester functionalization.
Conclusion
We chose three g-phosphate-modified ATP analogues to study their ability to be utilized by two ATP-cleaving enzymes of mechanistically distinct classes. Although UBA1 cleaves the ab-phosphoanhydride bond of ATP whereas FAK transfers the gphosphate, they both favor the same g-phosphate-modified ATP analogues, that is, they have a clear preference for phosphoramidate-over phosphoester-modified ATP. While no consumption of the phosphoester-modified ATP analogue 1 by the two enzymes was observed, the bulky phosphoramidatemodified ATP analogue 3 was readily accepted by both UBA1 and FAK. Furthermore, our data underline the high substrate specificity of the enzymes investigated in this study. Replacement of the NH moiety by oxygen on the g-phosphate of ATP (compare 2 and 1) abolished utilization. Therefore, small variations in the design of modified ATP analogues for monitoring ATP consumption can have a strong influence on enzymatic acceptance. Figure 2 . Utilization of g-phosphate-modified ATP analogues by FAK. A) FAK in vitro kinase assay: a) GST-tagged substrate (160 nm; containing four tyrosines, Y) and the FIVE-tagged hFAK-KD (200 nm) were incubated with ATP or analogue (100 mm) at 378C for 60 min; b) western blotting was followed by immunodetection with anti-phosphotyrosine antibody (a-pY), and c) Horseradish peroxidase (HRP)-conjugated secondary antibody; d) Luminol chemiluminescence was visualized upon oxidation by HRP. e) After western blotting, streptavidin-Alexa647 bound to biotin in 3, and f) was detected by fluorescence readout. B) Utilization of ATP and analogues by FAK is visualized by western blotting and a-pY and fluorescence readout with streptavidinAlexa647. Immunodetection with a-FIVE and a-GST verify the presence of equivalent amounts of the FIVE-tagged hFAK-KD and GST-FAK substrate in the respective samples.
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